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Due to human activity, the levels of carbon emissions found in the atmosphere have
reached its highest concentration and therefore it is necessary to find solutions to reduce, mitigate
and adapt to a more sustainable pattern of development. The substitution of fossil fuel-dependent
materials with renewable materials which exhibit lower embodied carbon is an option to be
considered in the design phase of a building. Engineered wood product innovations over the past
twenty years, coupled with design innovation and building code modifications have demonstrated
their viability in multi-story construction (18 stories). The goals of this project are to 1) estimate
the environmental impacts generated throughout the whole life cycle of a building, comparing a
mass timber building (i.e., a construction system that uses wood products as the primary structural
elements) with a conventional steel and concrete design for the first case study, and 2) to estimate
the environmental impact of a prefabricated, cross laminated timber, with wood fiber insulation
panels as insulation, combined with operational energy monitoring and modelling. The
environmental impact of interest is global warming potential (GWP) associated with embodied
carbon and operational energy estimated using Life Cycle Assessment technique, energy modeling
and monitoring. The building design for Mass Timber was estimated to have 52% less mass, 53%

less embodied GWP from production to end-of-life stages (A-C) and approximately four times
less embodied GWP from production to beyond the building life, with benefit of biogenic carbon
applied (A-D). Case study 2 has proven to be an airtight building with the actual energy
consumption appropriate to the comparative energy modelling, therefore energy efficient while
utilizing less intense carbon materials.
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CHAPTER 1 – INTRODUCTION
Anthropic actions have increased the levels of carbon dioxide in the atmosphere 47% from
the industrial revolution (1750-1850) until 2019 (IPCC, 2021). The high concentration of carbon
dioxide and other gases present in the atmosphere, such as nitrous oxide, ozone, water vapor, and
methane can elevate the average atmospheric temperature due to the capacity of the mentioned
gases to absorb radiation (EPA, 2019). This absorption is grouped and quantified by the
environmental impact defined as Global Warming Potential (GWP). GWP is quantified in terms
of kilograms of CO2 equivalent, GWP [kg CO2 eq] (IPCC, 2018). The global warming can lead to
land surface and air temperature increase, climate impacts, biodiversity loss and threatens food
security.
According to the Global Alliance for Buildings and Construction report (International
Energy Agency, 2018), construction and operation of buildings accounted for over a third of the
global final energy use and almost 40% of energy‐related carbon emissions for the year 2017. As
such, the building sector is a key opportunity to lead the change and transition towards a more
sustainable future.
Carbon emissions in the building sector are comprised of two components: embodied and
operational. Embodied emissions relates to materials, energy, and impacts from the manufacture
of building materials, their transport to, and ultimate construction of buildings (Ibn-Mohammed et
al., 2013) while operational relates to the energy required for building function and dweller
comfort (ASHRAE, 2004).
Embodied emissions can be organic (biogenic) from plant biomass or geological (fossil)
from natural gas or petroleum based. Biogenic carbon emissions of wood building materials are
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counterbalanced by the properties of sequestering and storing carbon through tree growth. Fossil
fuel-dependent construction materials generate more emissions from chemical reactions, such as
calcination in concrete (Hoxha et al., 2020).
All processes necessary to produce wood building materials, from the tree to final product
distribution, require resources, energy, and result in environmental impacts. The carbon emission
related to the whole life cycle of a product is also referred to as embodied carbon, meaning the
carbon released from raw material extraction, industrial processing, transportation, and final
disposal (The Carbon Leadership Forum, 2020). Besides the emissions generated to assemble the
building, energy and resources are consumed during the occupation of the building. This can
generate additional carbon emissions from electricity generation along with fossil fuel combustion
(e.g., natural gas) in a building for heat and hot water used to achieve user comfort. The energy
used during building occupation is normally referred to as operational energy. As occupancy
periods are much longer than building construction/assembly times, operational energy-related
emissions have a greater overall carbon emission impact than the embodied energy emissions.
The use of materials with a relatively low fossil fuel energy demand can reduce the
embodied impact of construction (Russell & Kumar, 2017). Using engineered wood products, such
as cross laminated timber (CLT) panels and glue-laminated timber (Glulam), as the primary
structural material over the conventional steel and concrete system conceptualizes the so-called
mass timber construction (Kremer & Symmons, 2015). The use of engineered wood products in
Mass Timber buildings present benefits to substitute fossil fuel-dependent materials because the
renewable nature of the material temporarily sequesters carbon while storing it through the whole
life cycle of the building. Mass Timber buildings are lighter in weight than all steel/concrete
2

construction, consequently requiring lighter foundations, and consequently lower quantity of
concrete and steel for foundations than conventional buildings. (C. X. Chen et al., 2022).
CLT panels have enough load bearing capacity to be used in floors, walls, and roofs
(Brandner et al., 2016) and can have a faster and safer on-site construction due to its industrialized
nature (Karacabeyli, 2013) . Mass timber has fire resistance similar to steel (Kippel et al., 2014)
or even better due to wood's charring properties (Laguarda Mallo & Espinoza, 2015). Mass timber
buildings can have lower operational energy demand when compared to a concrete building
because of its thermal mass and thickness that acts as extra insulation during the use stage, a feat
that can be maximized when optimally designed for passive buildings (Y. Chen, 2012). External
environmental factors such as building location and orientation affect how the structure interacts
with the weather and solar features. Therefore, mass timber buildings located in different regions
and climates perform differently. CLT buildings demonstrated higher potential for energy savings
than reinforced concrete in cold regions in China (Guo, Liu, Meng, et al., 2017) and almost 40%
annual savings because of the increased heating energy performance of the CLT envelope when
compared to benchmark conventional building, due to material density and thermal mass in regions
with higher heating requirements (Duluth, MN, USA), (Khavari et al., 2016).
The goal of the present research is to estimate the environmental impact of building
designs, measured as Global Warming Potential (GWP), through Life Cycle Assessment (LCA),
operational energy simulation, and comparison with data collected from monitoring. The
objectives are:
i.

Conduct comparative LCA of an 8-story, mixed-use, 10,220 m2, functionally
equivalent, building designed for (a) conventional materials and (b) mass timber
3

using Whole Building LCA (WBLCA) software, associated with energy simulation
software to obtain both embodied and operational GWP.
ii.

Monitor and collect operational energy data using an energy tracker device (1)
installed in a metric passive prefabricated Cross Laminated Timber (CLT) building,
115 m2, located in Belfast Maine, to compare with (2) energy usage data estimated
by a design firm and (3) simulated by energy simulation software. All three sets of
data are used as input to the LCA study to obtain overall GWP.

This project is relevant because it will gather scientific evidence to identify the impact of
building material selection on with lower embodied carbon materials able to reduce emissions and
mitigate climate change (Puettmann et al., 2021). The increasing adoption of mass timber buildings
will result in a growing demand for timber products, fostering the development of regional markets
and consequently promoting economic, social, and environmental development but ultimately can
only be sustainable in conjunction with responsibly managed forests (Lippke et al., 2021).
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CHAPTER 2 – CARBON
2.1. Embodied Carbon

The ability of trees to transform carbon into a renewable building material represents an
opportunity to address the need for atmospheric carbon offset, by sequestering and storing carbon
dioxide in wood, throughout the material’s useful life cycle (Skog & Nicholson, 1998). In contrast
to wood, the manufacturing process of cement releases carbon into the atmosphere through the
calcination reaction as seen in Equation 1 (Mikulčić et al., 2012).
CaCO3>CaO+CO2

Additional environmental impacts associated with concrete manufacture include water
consumption and negative impact on human health (Habert et al., 2020) and the high energy
requirement for temperature elevation of limestone for cement production (Madlool et al., 2011).
Environmental Product Declarations (EPD) are formal documents of the environmental
performance of a product estimated through Life Cycle Assessment (LCA) and Life cycle
inventory analysis (LCI) in accordance with ISO 14025: 2006 “Environmental labels and
declarations – Type III environmental declarations” (ISO, 2006a) and EN 15804 “Sustainability
of construction works - Environmental product declarations - Core rules for the product category
of construction products” (EN, 2020).
EPDs present the estimation of impacts produced by a fixed unit of measurement of
material. For example, the raw material extraction (A1), transport to factory (A2) and
manufacturing (A3) of 1 m3 of Cross Laminated Timber panels (470 kg), is estimated to generate
approximately 54 kg of CO2 eq (Stora Enso, 2020), while 1 m3 of Concrete mix can generate from
5

180 to 280 kg of CO2 eq (varies according to mix and specifications), for the same processes
(NRMCA, 2022), (Athena Sustainable Materials Institute, 2020). For 1 metric ton of steel (d =
7850 kg/m3), 842 kg of CO2 eq are emitted for production (A1-3) but if accounting the potential
of recycling, 2 kg of CO2 eq are produced during by sorting and shredding (C3) requirements and
the reuse and recycling (D) avoids the emission of 98 kg of CO2 eq in primary production of steel
(.: - 98 kg of CO2 eq). Therefore, when accounting for the potential of recycling and reuse of steel,
the overall Global Warming Potential can be reduced by 22% (ArcelorMittal, 2019). Despite the
potential of reuse, the manufacturing sector of steel was responsible for approximately 8% of total
CO2 global emissions yearly, resulting in 1.5 to 3 tonnes of fossil carbon per 1 tonne of steel
produced (Gerres et al., 2021). Thus, while steel recycling represents the opportunity to reduce the
primary production demand, the amount of energy required, and emissions generated (Purnell,
2013), decreases quality of the outcome and contamination risk presents issues to the recycling
potential.
The presented numbers are not meant for direct comparison as the amount of material used
in a structure is dependent upon performance properties as well - and hence the need of a design
for structural equivalent to make the comparison (Table 1).
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Table 1 - Global Warming Potential by material and stage from Environmental Product
Declarations.
Life Cycle Stage
[kg CO2 eq]
EPD

Material

Density

Unit

A1-A3

C

D

Stora Enso

CLT

470 kg/m3

1 m3

53.8

-

-

Varies with mix

1 m3

178.72

-

-

842

1.8

-97.8

Ready Mixed
NRMCA
Concrete
Structural steel
ArcelorMitt

1 metric
sections and

7850 kg/m3

al

ton
merchant bars

However, it is important to state that Mass Timber buildings also require concrete, steel,
and other conventional materials for both structural and code compliance ends. The goal of this
research is not to demonize conventional materials but provide numerical evidence to support the
adoption of new and renewable materials. The industry of conventional materials can move
towards less impactful materials but that requires effort, incentive, and awareness from
stakeholders, policymakers, and consumers (Habert et al., 2020).
The benefit of carbon sequestration observed in wood will be retained longer when wood
products are reused, recycled, and landfilled by substituting the demand of virgin materials instead
of being disposed. Otherwise, the carbon stored in wood products returns to the atmosphere after
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final disposal and incineration (Stora Enso, 2020). However, due to the biogenic nature of the
emission source, the emissions are accounted as a benefit beyond the life of the material because
of the emissions that were kept out of the atmosphere through sequestering and storing carbon
through its life cycle rather than releasing it during manufacture.
2.2. Operational carbon
Operational energy in a building is provided through the use of electrical and often direct
on-site combustion for heat and/or hot water. The processes of electricity production include
nuclear, natural gas, coal, hydroelectric, biomass, and increasingly wind and solar production.
The generation, distribution, and consumption of energy results in environmental impacts
from both renewable and fossil fuel independent and non-renewable sources. The loss of electricity
during the distribution process requires the production of more electricity than used on-site.
Fossil fuel powered energy leads to global warming, air pollution, fossil fuel depletion,
human health, social and economic negative effects 8/18/2022 6:59:00 PM. Renewable sources
also generate impacts during generation: For example, solar energy generates waste, soil erosion,
and impacts on land and water resources (Rabaia et al., 2021). Hydropower causes change in flow
patterns, water quality, relocation of people and wildlife, and sedimentation of water bodies (Sayed
et al., 2021). Geothermal energy systems can lead to land subsidence, landslide risk, surface
disturbance, high water demand, odor, solid waste, wastewater, thermal, noise and visual pollution,
soil contamination, wildlife disturbance (Sayed et al., 2021) and consequent environmental
impacts from the production of steel for wells casings and from the diesel used during drilling
(Paulillo et al., 2020). Wind impacts human life, natural ecosystems, lifestyle through noise
pollution, visual pollution, electromagnetic interference (Nazir et al., 2020). Bioenergy affects land
8

and water resources due to possible exhaustive utilization, subsequent erosion, run off and loss of
wildlife. An analysis of the transition from fossil fuels to renewable energy found that the ideal
ratio of energy would be a mix of solar PV, hydro and geothermal (Quek et al., 2019).
The different technologies and sources required to meet the electric power and energy
demands of a region, supplied by a range of primary energy source, is known as energy mix (W.
Lyzwa et al., 2015). Primary energy sources are raw materials utilized as input to produce energy
(IEA, 2020). The energy mix in the United States consists mostly of fossil fuels and nonrenewable
sources, which accounted for 89% of the total according to 2019 data from the U.S. Energy
Information Administration (EIA) (Figure 1). The energy mix varies according to location,
policies, and supply (Figure 2, Figure 3 and Figure 4). The energy mix utilized for the present
research is from the database of the software utilized for the analysis.

Figure 1 – U.S. energy consumption by source, 2019, EIA.
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Figure 2 – Energy mix by source for the state of Maine, U.S., 2021, EIA.

Figure 3 – Energy mix by source for the state of Massachusetts, U.S., 2021, EIA.
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Figure 4 – Energy mix by source for the state of New York, U.S., 2021, EIA.
Energy usage in buildings, normally referred to as operational energy, is the energy
required by mechanical systems to function and provide comfort and conditions for occupancy. It
encompasses the energy necessary to produce space heating and cooling, water heating, and
lighting during the occupancy stage of the building life cycle. The longer life cycle stage of a
building is the occupation stage. As such, the environmental impact generated by the energy
consumed during it can dominate other life cycle stages of the building life as significant as 90%
(Liang et al., 2021).
The increasing tendency towards decarbonization, low carbon, renewable and clean energy
sources associated with innovation in mechanical systems and optimized designs can lead to a
reduction of carbon emissions and environmental impacts (Shen et al., 2021).
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Since building use is decadal, with design lives of 60 years common, the energy
consumption of a building may change over time due to exterior factors such as climate change,
energy mix, system performance improvement, and policy requirements (Ramon & Allacker,
2019). While many of those subjects cannot be predicted beyond trends, climate change can be
estimated by projections based on historical data and current emissions. Projections estimate an
increase of 1.5 °C in the monthly global mean surface temperature, in a ‘business as usual’ current
emission scenario. This difference will directly impact the way buildings interact with the outside
environment, altering energy requirements for heating and ventilation systems (IPCC, 2021).

12

CHAPTER 3 – LIFE CYCLE ASSESSMENT
To estimate the environmental impacts caused by the construction and use of a building it
is necessary to assess the embodied and operational energy required through its whole life cycle.
The technique utilized to perform that analysis is the Life Cycle Assessment (LCA). It accounts
for the material and energy flows of all stages of a product’s life (Kim, 2008), by estimating the
resources used and the possible resulting environmental impacts from the sourcing, manufacture,
distribution, use, and disposal of products or services. LCA studies must be performed in
observation of ISO 14040:2006 “Environmental management — Life cycle assessment —
Principles and Frameworks” and ISO 14044:2006 “Environmental management — Life cycle
assessment — Requirements and guidelines” (ISO, 2006b).
3.1. Life Cycle Assessment stages
The assessment is comprised of four stages: a) the goal and scope definition phase; b) the
inventory analysis phase; c) the impact assessment phase; and d) the interpretation phase (ISO
14044: 2006). The process is iterative, meaning that feedback can be given, reintroduced, and
updated at any time (Figure 5).

13

Goal and
Scope
Definition

Inventory
Analysis

Interpretation

Impact
Assessment

Figure 5 – Phases of Life Cycle Assessment. (Source: ISO 14040:2006)
a)

Goal and Scope definition phase
The goal and scope of a study must consider the motivation of the study and the audience.

In this stage the objective of the assessment is clearly defined, and the boundaries of the system
are delimited as to which processes are relevant and should be included in the study.
b)

Life Cycle Inventory Analysis
The Life Cycle Inventory Analysis (LCI) phase consists of the set of inputs and outputs

related to the system. In this phase all the material required to achieve the final product, all the
energy and the pollutants released are accounted for. It is permissible to remove impacts from an
14

analysis if their contribution is as small as less than 1% of the overall Global Warming Potential
(GWP) as long as that decision is explicitly stated in the scope and report.
c)

Life Cycle Impact Assessment
The Life Cycle Impact Assessment phase (LCIA) has the purpose to evaluate the

environmental significance of each inventoried item identified in the LCI phase according to the
set of outputs and goals defined during stage Goal and Scope stage.
d)

Life Cycle Interpretation
In this last phase of the LCA, the results from the LCI and LCIA are summarized and

discussed to shape the conclusion of the assessment.
3.2. Whole Building Life Cycle Assessment (WBLCA)
The abovementioned information is a guideline for general LCA studies. Every industrial
process requires resources and will generate impacts to the environment, wildlife, ecosystems, and
human population in different ways at both regional and global scales.
Each type of material, product, or service will differ in internal fabrication processes. In
the building sector, the most utilized approach to estimate resources and impacts is the Whole
Building Life Cycle Assessment (WBLCA) (EN, 2011), (ISO, 2010), (Miller et al., 2016), (The
Carbon Leadership Forum, 2018) . WBLCA are composed of different processes than a product
or a service and will have different resulting impacts due to the scale, life span, and usage.
Besides the four phases of the LCA methodology (3.1. Life Cycle Assessment stages), a
WBLCA considers four stages of the building life, being: Production of materials, building
construction, building use, and End-of-Life. These are further grouped and comprised of sub-group
components as described in the following (Table 2).
15

Table 2 – Building Life Cycle processes by stage.
Whole Building Life Cycle Assessment stages
A4-A5
B1-B7
C1-C4

Disposal

D

Grave

Waste processing

Transport

Deconstruction/ Demolition

Operational water use

Operational energy use

Refurbishment

Replacement

Repair

Gate

Maintenance

B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4

Manufacturing

A5

Transport to factory

A4

Cradle

A1 A2 A3

Use

End-of-Life

Construction/ Installation

Use

Transport to site

Construction

Beyond
building
life cycle

Raw material supply

Production

D

Benefits and loads beyond
system boundary

A1-A3

Production (A1-A3): The production phase accounts for the raw material extraction (A1),
the fuels consumed to provide energy to the industrial processes and transportation to the
manufacturing site (A2), and manufacturing (A3).
Construction (A4-A5): Once manufactured, materials and products are then distributed to
local markets and construction sites, once more consuming fuel and generating emissions due to
transport to Site (A4). For building assembly (A5), energy and material are consumed on site
resulting in more impact from specific materials. Concrete for example is mixed on-site by
combining cement, water, and aggregates generating emissions due to calcination reactions. After
assembly, the building is ready for occupancy which is the longest phase of its life cycle (Use).
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Use (B): During the use stage (B1), a building has operational and material maintenance
impacts (B2-B5). In addition to material impacts, the use stage will produce impacts resulting from
the production, transmission, and distribution of energy necessary to provide thermal comfort, air
quality, and water to users and dwellers of the building, known as operational energy (B6-B7).
Building materials have an estimated service life and maintenance, repair, or replacement will be
necessary after the expiration of the delimited expectancy, according to its Environmental Product
Declaration (EPD).
End-of-Life (C): This stage accounts for the final disposal of the materials that can be
recycled, reused, or landfilled and the energy and impacts generated in those processes.
Beyond Life Cycle (D): It is the stage where the benefits of the reuse, recycling or
sequestration of materials enter the estimate, normally represented as negative numbers. The
negative values mean that the emissions accounted for are offset by the reuse, therefore no new
material is produced and the now recycled stock reenters the use cycle, extending the carbon
sequestration benefit of the material. Due do the high level or uncertainty of final use or method
and percentage of final disposal (how much of every material is landfilled, recycled, or
incinerated), the D stage can be reported separately or not accounted for in the analysis. The
inclusion or not of the D stage should be stated in the scope of the study.
Each WBLCA mentioned stage is composed of more detailed stages with its own inputs
and outputs, as expanded in Table 2. There are three types of LCA studies which vary in in system
boundaries and hence the stages included in the analysis. These are known as: Cradle-to-gate (A1A3), cradle-to-grave (A1-C4), and cradle-to-cradle (A1-D). Different LCA types can lead to
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different results for the same subjects, therefore, the choice of system boundaries is an important
part of the Goal and Scope phase (Pan et al., 2018).
3.3. Comparative methods
Comparative LCAs require an established, comparable, functionally equivalent unit which
requires delineating boundaries that will ensure the subjects being compared are similar. The
chosen unit can be about the type, size, or scale of the building. In the present project, the functional
unit will be considered 1 m2 of constructed area, defined in the initial stage (ISO, 2006b).
3.3.1. Life Cycle Assessment Software
As WBLCA requires extensive calculations, extensive building data input and output,
software is normally used to perform the task. The growing demand for sustainable certification
of products and buildings is increasing the use of LCA as an environmental management tool (Stek
et al., 2011). Since the 2011 study, additional options have entered the market varying in difficulty,
price, and scope (Table 3).
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Table 3 – Life Cycle Assessment software options available by scope, advantages, and
disadvantages. Cost, scope, and capability might differ and evolve with time and updates
(Information consulted in 2021).

Software

Scope

Advantages

Disadvantages

Athena
IE4B

WBLCA

Standalone solution.
Shallow learning curve.
Ready to use report
spreadsheets.

One-click
LCA

WBLCA

Fed by web interface,
spreadsheet, or Revit.

Regionally adapted
data, including only a
few regions in the U.S
and Canada only.
Costlier and requires
spreadsheet
manipulation of
reports.

Tally

WBLCA

Material quantities
imported automatically
from Revit.
More accessible to AEC
(Architecture,
Engineering,
construction)
professionals.

SimaPro

Full
LCA

Well established tool.

GaBi

Full
LCA

Well established tool.

OpenLCA

Full
LCA

Designed for the
construction sector.

No cost

$1700$3000/year

Requires Revit
experience.

$695-$995/year

Steep learning curve.

$8120-$17516
(Year Perpetual)

Complex tool.
Can only utilize
purchased proprietary
datasets.
Results vary with
source of dataset used
which can be open or
private.
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Cost (2021 2022)

$1500.00/ year
(*estimated)

No cost

Due to the scope of the research and advantages of the tool, the Athena Sustainable
Materials Institute developed ‘ATHENA® Impact Estimator for Buildings ‘(IE4B), version
5.4.01, was chosen to conduct the WBLCA. This open-source software is designed for new
buildings, renovations, and additions. The software relies on an internal database, based on the
Canadian and North American market, to generate the life cycle inventory information and
calculate the results for the environmental impacts accordingly with the inserted building
information (Figure 6). The environmental impact categories are fossil fuel use, global warming
potential, acidification, eutrophication, ozone depletion, smog, energy consumption, and air-landwater emissions.
The building information required by the software includes the building location,
occupancy type, area and height, operational energy, assembly, and material detail. This data can
be entered manually or through importing of a bill of materials, commonly exported from building
design software.
IE4B follows the EN 15804/15978 (EN, 2020) system boundary and reporting format. The
software reads the data as blocks of added assembly or as a spreadsheet with the bill of materials
and then proceeds to a cradle-to-grave life cycle inventory. The analysis also requires building life
expectancy input by the user. The software then computes the quantity of structural materials
necessary for the assemblies (e.g., wall, floor) based on the geometry data input (height x area).
The chosen building location is used to quantify the effect of manufacturing technology,
transportation modes and distances, as well as electrical grid mix on the A1-A5 stages of the LCA.
The software accounts for the material and energy fluxes from the building materials,
energy use, transportation, construction, and demolition processes including on-site construction
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of assemblies, maintenance, repair, and replacement. Emissions to air, water, and land associated
with the on-site construction activity are estimated and IE4B estimates the waste created during
the construction phase and accounts for wasted materials in the LCA calculation. The
transportation of workers or equipment, capital equipment, or water use during construction and
building site preparation are not accounted for. IE4B incorporates building maintenance and
material replacement of products that have shorter useful life than the building life expectancy.
Building usage plays a role in the maintenance data because some materials might be replaced
more frequently, such as those exposed to the elements or to wear. Building location can also
influence the maintenance rates. The maintenance data assumes that the substitutes will the same
as the original materials. For Mass Timber elements, for example, the software estimates an
allotment of emissions during the use stage for maintenance and repair, due to the useful life of
products according to the EPD.
For the End-of-Life calculations, the software first estimates the energy required to
deconstruct/demolish the major structural systems of the building, divides materials into categories
of products that can be recycled, reused, or incinerated, and therefore decides if it can leave the
system boundaries and credits it for any reuse/recycle (i.e., Steel). The future projections of landfill
processes and recycling are based on today’s level of technology. For the materials presumed to
be landfilled the transportation impacts are accounted for with a local range of distance to sorting
and disposal sites.
IE4B uses the Biogenic Carbon Sequestration Accounting procedure in observation of the
international carbon footprint standards (PAS 2050, ISO/TC 14067, and WRI GHG Protocol for
Products) measuring the estimate that forest growth removes atmospheric carbon dioxide.
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Therefore, the emissions of wood products are subtracted from the estimated carbon storage
associated with forest growth, applied to the product itself (A1-A3), and not the waste (C and D).
Inputs and results are highly influenced by locality because it determines traveled distances
between processing sites, distribution, and regional energy mix. A sensitivity analysis was
conducted to verify the linearity of materials volume increasing in different regions and results
show the impact remains linear for the same location but varies between states given the abovementioned factors. It is important to reinforce that the calculations and results obtained in LCA
studies are only an estimate given the amount of input necessary to keep track of and how
quantities could change daily such as travel time, and therefore fuel consumption. Consequently,
there is a recommended 15% margin of error associated with estimates, therefore for comparative
studies with less than 15% difference can be considered equal or insignificant (Athena Institute,
2016). Thus, the quantities evaluated are an average of the information available in the database
consulted. The existence of different databases can also lead to irregular results if the same subjects
are compared using different software. Databases are continually updated as manufacturers
provide new information with the advancement of manufacturing technology, reuse guidelines and
expiration of analysis as of EPDs are that commonly are valid for 5 years, (Saade et al., 2020).

22

Figure 6 - Inputs and functioning scheme of Athena Impact Estimator for Buildings (IE4B)
software.
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CHAPTER 4 – METHODOLOGY
The goal of the present research is to estimate the environmental impact of Global
Warming Potential [kg of CO2 eq] associated with the construction and use of buildings. Both
embodied and operational impacts were considered. The cases studied were: 1) the comparison of
two functionally equivalent buildings designed with different construction systems: a) Steel and
concrete as the main structural materials and b) a mass timber structural system; and 2) the
estimation of embodied GWP and operational GWP of a mass timber building using a) simulated
energy use data, b) data obtained from real-time monitoring and c)projected data obtained
proprietarily by design company.
While environmental impacts can be measured by many different outputs, for the purpose
of this study, the focus was Global Warming Potential (GWP) as estimated using Life Cycle
Assessment (LCA) technique and Athena IE4B software. The GWP associated with the embodied
carbon estimative is primarily estimated from the bill of materials (BOM) provided by the building
design. The GWP associated with building occupancy was simulated using energy modelling
software and compared to the monitored data from an energy tracker device for case study 2 only.
4.1. Case study 1: Comparative Life Cycle Assessment of functionally equivalent buildings
Case study number 1 is a derivation of a global study promoted by The Nature Conservancy
(TNC) organization to perform LCA projects to estimate environmental impacts of mass timber
buildings when compared to conventional steel-concrete buildings.
The TNC global mass timber impact assessment (GMTIA) is a five-phase study that
involves 1) comparative LCAs, 2) regional demand assessment of the adoption of Mass Timber
under conservative, optimistic, and business as usual scenarios, 3) global trade modeling from
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(Global Forest Products Model), 4) forest impact assessment, and 5) the integration of 1 to 4 to
estimate the total impact on climate and forests of different levels of mass timber utilization.
GMTIA has 5 focus locations: Europe, China, South America (Chile), and the U.S. Pacific
Northwest (PNW) and East. It included building designs for three building heights: 8-story, 12story, and 18-story (Pasternack et al., 2022).
The present work is different and novel in relation to GMTIA because it accounts for the
impact of the operational energy use stage (B6) in the LCA. The energy required for the building
to function and provide user comfort was simulated using DOE software EnergyPlus (version
9.6.0) and the final estimated electricity and natural gas amounts input in the LCA for a complete
analysis. The software chosen to perform LCA in this study is the Athena Impact Estimator for
Buildings (version 5.4.0103), while GMTIA used SimaPro (v 9.1) (Puettmann et al., 2021). The
current analysis will also present stage D data as calculated using IE4B separately, A to C and A
to D, due to the high level of uncertainty of the assumptions made to define the scenarios of endof -life and final disposal.
This study used two building designs, made available by The Nature Conservancy (TNC),
and designed by Susan Jones (AIA) (Figure 7 and Figure 8). The designs reflect two approaches
for the same building function. The designs reflect the 2021 International Building Code (ICC)
Type - IV construction. The classification is non-residential, mixed-use, 8 story-building,
comprised of 6 stories of residential use, and 2 stories of office and commercial use with a total of
10,220 m2 of building floor area. The designs also reflected siting in Boston, Massachusetts, and
an expected service life of 60 years. The comparable function of each design enabled a comparative
LCA to be conducted.
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To obtain accurate and comparable data, TNC in collaboration with the International
Centre for the Life Cycle of Products, Processes, and Services (CIRAIG) prepared a common
guideline, to be followed by all participants (Figure 9).
As stated in the CIRAIG document, the chosen functional unit will be considered as “1 m²
of livable floor area”. This is a general measure to be easily compared throughout different building
designs, in different locations by different teams. The building time horizon was selected to be
sixty years.
Assumptions and adaptations were necessary to conduct the comparative LCA due to
limitations of the IE4B software. Specifically, the building location was changed to New York
City, which was the nearest location available in the IE4B internal database. Secondly, while the
buildings were designed for mixed-use, the usage type selected in IE4B was commercial to
accommodate any possible higher usage of the first two floors that were designed to have a
different use and consequently, different usage rates.
Building features presumed to be equal for both buildings, such as exterior walls and
windows, were not included in the conceptual designs. Thus, differences in LCA environmental
impacts were reflective of structural design differences inherent in the material systems.
The designed Bill of Materials (BOM) provided by the architectural design was adjusted
to local supply with the assistance of industry benchmarking as well as to reflect the availability
of materials at the IE4B database. This included, for example, adjusting the R value of insulation
to the local climate, from an R20 to the Pacific Northwest region (PNW) and decrease of fire rated
gypsum advised to be used in fire and seismic risk areas, not necessary in the U.S. East (Thornton
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Tomasetti, personal communication, May 27, 2020). Table 4 and Table 5 represent a condensed
version of the BOMs while for the entire set of information is provided in APPENDIX.
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Figure 7 - Concrete and Steel building design for the Boston area.
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Figure 8 - Mass Timber building design for the Boston area.
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Figure 9 - Guidelines for assessing the Life Cycle Environmental Impacts of Buildings from the International Reference Centre for the
Life Cycle of Products, Processes and Services (CIRAIG).
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Table 4 - Condensed bill of materials for Steel and Concrete design.
Assembly

Volume [m3]

Material
Concrete, 5000 psi

Beams and columns

Mass [kg]

93

213,740

Rebar Bar: #3

23,301

13,281

Rebar Bar: #10

7,211

46,509

Aluminum

0

732

GYP, 5/8"

26

17,712

Fiberglass batt, 3-5/8"

151

6,032

Extruded Polystyrene, 1.5"

61

1,967

Concrete, 5000 psi

8

17,275

Concrete, 4000 psi

370

854,978

Concrete, 5000 psi

1,676

3,855,472

12

10,635

Rebar Bar: #5

20,502

31,984

Rebar Bar: #4

5,397

5,451

Concrete, 4000 psi

31

70,717

Concrete, 4000 psi - Slab

375

867,734

Concrete, 3000 psi

268

618,501

Rebar Bar: #5

3,637

5,674

Rebar Bar: #7

1,988

6,083

Rebar Bar: #9

1,715

8,745

Exterior wall

Floor
Polyethylene film membrane

Foundation
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Table 4 - Continued.
Concrete, 5000 psi
Roof

1

2,468

239

550,782

2,929

4,569

GYP, 5/8"

300

204,852

GYP, 5/8", Greenboard

80

54,376

Fiberglass Batt Insulation

323

12,932

Concrete: 5000 psi

516

1,187,983

25ga steel (.0005m)

2

16,302

47,190

73,616

Concrete, 5000 psi - Slab
Rebar Bar: #5

Wall

Rebar Bar: #5
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Table 5 - Condensed bill of materials for Mass Timber design.
Volume [m3]

Assembly

Material

Beams and columns

Glulam

758

339,472

CLT, 3-ply, 4-1/8"

172

75,526

GYP, 5/8"

26

17,712

Mineral wool, 5"

208

13,317

Acoustic Mat

69

5,007

1,257

553,257

Concrete, 5000 psi

372

855,489

Gypcrete

366

644,529

Polyethylene film membrane

12

10,690

5,411

5,465

Concrete, 3000 psi

116

268,348

Concrete, 4000 psi

35

80,608

Concrete, 4000 psi

216

498,668

Rebar Bar: #5

4,424

6,901

Rebar Bar: #7

863

2,641

Rebar Bar: #9

596

3,040

Acoustic Mat

10

715

CLT, 5-ply, Nordic-lam

180

79,037

Gypcrete

52

92,076

Exterior wall

CLT, 5-ply, Nordic-lam

Mass [kg]

Floor

Rebar Bar: #4

Foundation

Roof
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Table 5 – Continued.
25ga steel (.0005m)

1

8,112

CLT, 3ply, Nordic-lam

717

315,511

CLT, 7ply, Nordic-lam

435

191,404

Fiberglass Batt Insulation

26

1,032

GYP, 5/8"

41

28,194

GYP, 5/8", Greenboard

62

42,509

GYP, Type X, 5/8"

113

77,059

Mineral Wool

235

15,056

Wall
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Figure 10 – Wall and Roof assembly details for Steel and Concrete design.
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Figure 11 - Wall and Roof assembly details for Mass Timber design.
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4.1.1 Case study 1: Operational Energy modeling
The use stage of a building is the longest phase of its life cycle and consequently has the
larger energy consumption and environmental impact. The operational energy that will be required
by a building to provide comfort and functioning to dwellers can be modeled by estimates of
consumption of mechanical systems, heating, ventilation, air conditioning (HVAC), and lighting.
Energy modeling software, or building energy modeling programs (BEMPs) (Zhu et al., 2013),
can simulate thermal loads and complex physical interactions.
Energy Plus is an open-source, whole-building energy simulation software developed by
the Department of Energy of the United States (DOE) (Version 9.6.0). The analysis is based on a
building file from a prototype design from the software database combined with a chosen weather
file that determines the quantities of cold weather days and warm weather days, precipitation
regimen, and solar gains. Building prototype files are download according to occupation type and
size from (Energy.gov) and used as Input Data File (IDF) on EnergyPlus associated with weather
files (EPW) from (energyplus.net/weather). Together, these define the loads required to supply
ventilation, cooling and heating and lighting for user comfort.
As the case study 1 designs were focused on the structural system, it was necessary to
estimate the building physics. The prototype buildings IDF library did not include a direct match
to the 8-story building. Therefore, three prototype files were used: high-rise hotel, high-rise
residential building, and a mid-rise residential building, to obtain an estimate of electricity [GJ]
and natural gas [GJ] converted then to the acceptable units for IE4B (kWh and m3 annually,
respectively) from a weather file for Boston – MA, Logan International Airport location (Table 6).
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Table 6 – EnergyPlus building prototypes data and annual consumption for Boston weather profile.
Building area

Natural gas

Electricity

Natural gas

Electricity

[m2]

[GJ]

[GJ]

[m3]

[kWh]

High-rise

7,836

1,756

2,302

45,884

639,492

Hotel

11,345

8,089

8,235

211,413

2,287,496

Mid rise

3,134

726

1,319

18,983

366,336

Prototype

The energy consumption of a building is composed by many different factors and cannot
be extrapolated linearly. Therefore, the base assumption for this estimate was the Global Warming
Potential of each building, obtained with Athena IE4B with the BOM of both buildings (Case study
1), with a NYC software location and 60-year life expectancy (Table 7). The same material
information was utilized for different prototypes in area and height. The values represented in
parenthesis and or negative numbers present the biogenic carbon benefit of sequestration and
storage.

38

Table 7 - Global Warming Potential [kg CO2 eq] of three different building prototypes available
on Energy Plus to obtain B6 stage estimate.
GWP [kg CO2 eq]
Total

Material

Prototype

Product

Construction

(A1 to

Process

A3)

(A4 & A5)

Beyond

Use

Operational

End of Life

Building

(B2 & B4)

Energy

(C1 to C4)

Life

(B6)

(D)

Steel and
High rise

1,732,688

98,032

-

11,619,947

96,612

86,800

High rise

602,384

221,423

1,830

11,619,947

80,486

(1,397,689)

Hotel

1,732,688

98,032

-

41,563,294

96,612

86,800

Hotel

602,384

221,423

1,830

41,563,294

80,486

(1,397,689)

Mid rise

1,732,688

98,032

-

6,632,763

96,612

86,800

Mid rise

602,384

221,423

1,830

6,632,763

80,486

(1,397,689)

Concrete
Mass Timber
Steel and
Concrete
Mass Timber
Steel and
Concrete
Mass Timber
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14,000,000

GWP [kg co2 eq]

12,000,000
10,000,000
Total
Operational
Energy
(B6)

y = 1060.7x + 3E+06
R² = 1

8,000,000

6,000,000

Linear ( Total
Operational
Energy
(B6) )

4,000,000
2,000,000
-

2,000

4,000

6,000

8,000

10,000

Area [m2]

Figure 12 - Plot of Global Warming Potential by area of different prototype buildings in
EnergyPlus to obtain slope for the case study building.
y = 1060.7x + 3,000,000

(2)

Then, to obtain an estimate of GWP value for the desired building area, GWP by area data
was plotted to find the slope and extrapolate it by the case study 1 area (10,220 m2) as x in Equation
2, resulting in a total of 13,840,354 kg of CO2 eq for B6 stage. From IE4B, the energy mix by
source utilized by the software on this analysis is presented on (Table 8).
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Table 8 – Energy mix contribution by energy source from IE4B for Case Study 1.
Energy Source

Contribution

LPG

0.001%

Non-Hydro Renewable

0.1%

Diesel

0.1%

Wood

0.3%

Heavy Fuel Oil

0.4%

Hydro

1%

Coal

1%

Renewable Energy

1%

Nuclear

6%

Natural Gas

6%

Fossil Fuel

7%

Non-Renewable Energy

13%

Primary Energy

14%
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4.2. Case study 2: Life Cycle Assessment of Passive House standard, cross laminated timber,
wood insulation panel, classroom building

Figure 13 - Cornerspring Annex building rendering.
The Cornerspring Montessori School Annex is a 115 m2 building located in Belfast,
Maine, designed and built by (OPAL) (Figure 13). The building included a novel design which
incorporated cross laminated timber (CLT) panels with an integral rigid wood fiber insulation in
the external walls and roof (Figure 14) built to airtightness and energy efficiency of PassivHaus
standard, a voluntary standard of building energy efficiency and consequently reduced
environment impact (passivehouse.com). The use of wood insulation panels (WIP ) made with
wood fiber present benefits to human health because it is non-toxic, is made from a renewable
source, locally produced by utilizing residual sawdust from other processes, is fire safe, decay and
insect resistant due to borate additives, provides acoustic insulation, thermal insulation, and is
vapor permeable (TimberHP), (Asli et al., 2021), (Veitmans & Grinfelds, 2016).
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Life Cycle Inventory information for the wood fiber insulation was obtained from the
German manufacture Gutex products (Gutex, 2020). The product is scheduled for manufacture in
North America by TimberHP starting in 2023 (TimberHP, personal communication, April 24,
2022).
Total Global Warming Potential (GWP) [kg of CO2 eq] was estimated through Life Cycle
Assessment (LCA) using Athena IE4B. The bill of materials was obtained from the building firm
and used as an input for Athena IE4B for embodied impacts (Table 9).
Table 9 - Bill of materials Cornerspring Annex building.
Assembly

Type

Material

Mass [kg]

Floors

Cement

Cement grout latricrete

6.1

Floors

Cement

Cement mortar latricrete

117.8

Foundation Concrete

Concrete structural 4000 psi 0% fly ash and slag

51749.9

Doors

Glass

Glazing triple 3 mm laminated safety glass

2074.1

Doors

Glass

Low e coating (for glazing)

12.9

Windows

Glass

Glazing triple insulated air

1563.7

Walls

Gypsum

Wall board gypsum natural

776

Foundation Insulation Expanded polystyrene EPS board

376

Roof

Insulation Polyethylene sheet vapor barrier HDPE

68.7

Walls

Insulation Mineral wool low density Naima

393.6

43

Table 9 – Continued.
Doors
Metal

Aluminum sheet anodized

715.6

Doors

Metal

Door frame, aluminum, powder-coated, no door

94.6

Doors

Metal

Fastener galvanized steel

141

Doors

Metal

Fasteners stainless steel

12.4

Doors

Metal

Galvanized Steel support

383.5

Doors

Metal

Hardware stainless steel

111.1

Doors

Metal

Stainless steel door hinge

123.6

Floors

Metal

Steel woven wire mesh

298.1

Foundation Metal

Aluminum curtain wall system

181.5

Foundation Metal

Steel reinforcing rod

1989.6

Roof

Metal

Steel sheet

1095.8

Windows

Metal

hardware aluminum

Windows

Metal

26.5

Window frame, aluminum, powder-coated, operable,
126.7
insulated
Walls

Paint

Paint interior acrylic latex

76.2

Walls

Tile

Ceramic tile glazed

577.4

Walls

Tile

Tile backer board

1073.8

Columns

Wood

Glulam

315.3

Doors

Wood

Door frame, wood, do door

52.3

Doors

Wood

Door, interior, wood, MDF core

159.6
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Table 9 – Continued.
Doors

Wood

Exterior grade plywood, US

4562.1

Roof/Walls Wood

CLT

27345.6

Roof/Walls Wood

Domestic softwood

8240.1
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Figure 14 - Wall and Roof assembly details for Cornerspring building.
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4.2.1 Case study 2: Operational energy
4.2.1.1 Case study 2 - Operational energy: Monitoring - Energy tracker device
The use of an electricity tracker device can provide more detailed data than overall
electricity consumption. The device collects, processes, and stores electricity consumption on a
daily and hourly basis. Further, it can assign electricity usage to devices (e.g., hot water heater)
within a building. The collected data allows the building manager to follow the building
performance promptly and identify opportunities for improvement, aiming for economic and
environmental optimal performance.
The tracker device chosen for this research is a commercial solution called Sense (Sense).
The device is attached to the main electric panel of the building and collects, processes, and stores
data in real-time through mobile and desktop applications (Figure 15). To ensure safety and
performance the device should and was installed by a registered electrician.

Figure 15 - Manufacturer example of device installation. (Source: Sense.com)
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The device was operational on December 08, 2021. The first three months of operation
(December 08 – March 08) was collected and compared to other measured of operational energy
such as simulated by modeling software or estimated by the design firm with the goal of verifying
the accuracy of diverse approaches. It is possible to notice a high, uniform consumption forming
a baseline plot (Figure 16), representing the Energy Recovery ventilation (ERV) utilized during
colder days with high activity in the building and the shift on the baseline after the device had been
turned off. The building usage profile is Institutional (school) meaning that it will see higher
activity and consumption on weekdays during the day and low to no activity on weekends and
nights.

Figure 16 - Monitored energy consumption of Cornerspring building by Sense Device.
The application then accounts for the current consumption and extrapolates the monitored
data of 3 months, to an annual estimate of approximately 3 MWh, reasonably close to the deducted
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assumption described below. Extrapolation of winter consumption to a whole year can present
uncertainties due to the possible change in energy demand and occupation shifts resulting in a
higher estimate if the building requires less energy on breaks and warmer days, or more
consumption to supply cooling and more ventilation. The data will remain monitored after the end
of this analysis to confirm the observed behavior.
Assuming that of the 365 days in a year divided in 52 weeks of 7 days, two days are
weekends, and the other five left are schooldays, there is a total of 104 weekend days per year, 260
weekdays and approximately 80 break days between recess and holidays, therefore 181 class days
per year.
In 181 days of class, the building is occupied for occupied for half of the day at maximum,
and half of the day being unoccupied (night) with basic usage requirements. This facile analysis
estimates the building is occupied 25% of the year. During the monitoring period of January 2022
through March 2022 the measured electricity during occupation hours (6AM to 6PM) according
to monitoring device averaged 0.5 kWh, subtracting the ERV baseline consumption. For
unoccupied hours the average consumption rate is equal 0.1 kWh.
Therefore, 180 weekdays occupied in 12 hours with a rate of 0.5 kWh equals to 1080kWh/y
for occupied days during day hours. During the night, with an unoccupied rate of 0.1 kWh for 180
weekdays during 12 hours of night period equals 216 kWh/y. Adding up to the days left in the
year, unoccupied, 432 kWh/y for an overall total of 1728 kWh/year or 1.7 MWh/year or 2
MWh/year for an estimated consumption, subject to change due to new seasons or alterations. The
value found on this reasoning is compatible to the one indicated by the application so far of 3 MWh
per year.
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4.2.1.2 Case study 2 - Operational energy: Energy modeling
The operational energy required to provide user comfort and functioning of the building
was simulated using EnergyPlus (version 8.3) computation through the user interface of
DesignBuilder (version 4.7.0.027) (Figure 17). The building design was translated from the
architectural details (Revit software) provided by the architectural firm (OPAL). The output
included estimates of annual electricity usage which was used as input for IE4B. Building
operational needs were designed as all-electric. Details included heating and cooling through a
heat pump ‘Split system heat pump’ (Mitsubishi Electric MUZ – FS09NA) and Split-type air
conditioner (Mitsubishi Electric MSZ – FS09NA). Heat is provided by an Electronically
Controlled Electric Tankless Water Heater (Stiebel Eltron DHC-E) with all lighting of LED quality
(Hubbell, Sylvania, and Juno). Thus, the operational energy can be fully quantified through
monitoring electricity use. To accomplish this, a commercial electricity tracker device was
installed in the building (Sense). The simulated and measured electricity data will be compared to
estimate the accuracy of the simulation and promote calibration.
The operational energy required for the Cornerspring building was estimated using
software EnergyPlus through DesignBuilder user interface. The analysis utilized the building file
from Revit obtained from Opal and DesignBuilder tools. The weather profile file utilized was for
Bar Harbor, Maine, the closest location available to the building’s location, Belfast, Maine. The
two locations are approximately 60 miles apart, both coastal and therefore compatible and
comparative for the analysis.
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Utilizing the building dimension, geometry, R-value of assemblies and materials (Table
10), occupation type and infiltration rate (described below), the analysis found an estimate value
of annual consumption of approximately 3.5 MWh.

Figure 17 – Cornerspring building file on DesignBuilder software.
Table 10 - R-values from different building assemblies as supplied by building firm Opal.
Assembly
R-value
Wall

38

Roof

56

Floor

60

Foundation

20
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To convert the infiltration rate for Cornerspring building from the Passiv Haus standard
Infiltration rate of 0.04 cfm/ft2 to air changes per hour value as it is the form accepted by
DesignBuilder as input:
PH Infiltration rate: 0.04 cfm/ ft2 x building square footage: 998 ft2 = 39.92 cubic feet per
minute;
39.92 cfm x 60 = 2395.2 volumetric flow rate per hour;
2395.2 volumetric flow rate per hour/ building volume (Area x height) = 2395.2/15968 =
0.15 ach (air changes per hour).
4.2.1.3 Case study 2 – Operational energy: Opal estimate
The building firm Opal has also a proprietary method, in observance to Passiv Haus
standards and buildings mechanic and electric systems, to estimate the energy consumed by the
building and obtained an estimated annual electricity usage of 4 MWh. (Opal, personal
communication, July 26, 2021). Therefore, the three values found resulted in comparable values
(Table 11).
Table 11 - Estimated annual electricity usage of Cornerspring project Sense, from EnergyPlus
(DOE), and Opal.
Source

Method

Yearly energy usage [MWh]

Sense

Projected from monitoring

3

EnergyPlus/ DesignBuilder

Modeled

3.5

Opal

Estimated

4
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The energy mix by source is presented below.
Table 12 - Energy mix contribution by energy source from IE4B for Case Study 2.
Energy Source

%

Non-Hydro Renewable

0.2%

Hydro

0.9%

Coal

1.8%

Heavy Fuel Oil

2.7%

Wood

3.4%

Renewable Energy

4.5%

Natural Gas

7.5%

Nuclear

7.9%

Fossil Fuel

14.4%

Non-Renewable Energy

22.3%

Primary Energy

26.8%
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CHAPTER 5 – RESULTS AND DISCUSSION
5.1. Case study 1: 8-story Life Cycle Assessment results
5.1.1. Case study 1: Embodied impacts
Embodied environmental impacts of the comparative designs were evaluated through
determination of total mass of materials used. Material mass was estimated by assembly (e.g.,
floor) and totaled for the entire structure (Table 13). The GWP was estimated by both assembly
(e.g., floor, foundation, etc.) and building stage (e.g., A1).
The Mass Timber (MT) design mass was 48% of the Steel and Concrete (SC) building total
mass (kg) with estimates of 4.23x106 kg and 8.76 x106 kg, respectively. The heavier assemblies
for both design types are Floors, Foundations, and Walls. For the mass timber design, the following
assemblies in contribution are Beams and Columns and Roof, while for the conventional design it
was Roof followed by Beams and Columns.
The Steel and Concrete design has Beams and Columns 19% lighter than MT even with
more components, and heavier components by density but the mass of the Mass Timber columns
is greater, with MT columns made by only glulam as a component with the mass greater than the
combination of rebar and 16”x16” Reinforced Concrete, Cast-in-Place for SC, which will result in
higher carbon storage due to the massiveness and properties of the Mass Timber material.
Floors are 57% lighter in MT, using only 18% of the concrete and 15% of steel required
by the SC design. Given the reduced mass of the above MT grade structure, relative to SC design,
a 45% lighter foundation was estimated. The entire structure required 54% of the concrete and
61% of the steel.
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MT has roofs 69% lighter even with a greater number of components (gypcrete over CLT,
CLT, and acoustic mat versus concrete slabs and rebars). The MT design walls 56% lighter than
SC, with 43% less gypsum and 16% less insulation mass of the conventional design.
Table 13 - Estimated mass by assembly for Steel/Concrete and Mass Timber designs of 8-story
mixed use building.
Mass by assembly [kg]
Building

Beams and

type

Columns

Floors

Foundation

Roof

Walls

Total

273,531

4,775,795

1,577,454

557,819

1,576,505

8,761,102

339,472

2,074,436

860,205

171,827

785,432

4,231,373

Steel and
Concrete
Mass
Timber

Materials have different resulting environmental impacts according to their origin,
manufacturing process, distribution, reuse, maintenance and substitution rate and disposal.
Therefore, similar units of volume for different materials may result in different amounts of Global
Warming Potential (GWP) (Table 14).
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Table 14 – Global Warming Potential by assembly group and building type from stages A to D
(Case study 1).
Global Warming Potential [ kg CO2 eq]
Project
Building

Beams and
Floors

Type

Foundations

Roof

Walls

Extra

Total

Columns
Materials

Steel and
116,870

1,080,217

278,811

130,446

398,594

9,193

2,014,131

-197,727

-94,223

158,252

-42,561

-269,316

-41,184

-486,759

Concrete
Mass
Timber

Global Warming Potential [kg CO2 eq]

1,100,000
900,000

Mass Timber

Concrete

700,000
500,000

300,000
100,000
(100,000)
(300,000)
Foundations

Walls

Columns and
Beams

Floors

Roofs

Project Extra
Materials

Figure 18 – Plot of table 14. Embodied Global Warming Potential by assembly groups or structural
elements. The above graph represents the results of a cradle-to-grave Life Cycle Assessment where
wood products have negative GWP results due to the carbon sequestration attributes of the material
when compared with the carbon emissions from concrete and steel.
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The results indicate that the Mass Timber project has smaller Embodied Carbon GWP than
the Steel and concrete design.
Although MT has higher mass in 'beams and columns’ assembly the overall Global
Warming Potential is smaller than SC due to the properties of sequestering and storing carbon due
to the biogenic accounting of wood products. As the beam span increases, the load-bearing
capacity requires greater dimensions to safely bear the loading actions (O. A. B. Hassan et al.,
2019). With the benefit of having lower risk of lateral torsional buckling in Glulam beams than
steel, even though requiring larger sections specially in larger spans which can be limiting due to
the space available. The material requirement increase for larger sections can have increased costs
but has benefits of carbon sequestering (O. Hassan & Johansson, 2018). Even though for larger
spans timber beams would be more prone to deflection it can easily be solved by providing lateral
supports or have the beam produced with a camber.
The GWP of foundations in the Mass Timber project is 57% smaller than SC due to the
57% lighter foundation. Other assemblies present a relevant difference between projects because
of 1) Different products being used in every assembly group, SC using more insulation and fossil
fuel dependent materials, and 2) The benefit of carbon sequestering is represented in the
calculation in the form of negative values.
The significant difference in embodied carbon GWP in the Mass Timber project can be
explained by the benefit beyond building life that consists in the ability of wood materials to
sequester and store carbon, acting as a sink throughout the life cycle of the product. Since the mass
timber construction system relies on using more wood products rather than fossil fuel dependent
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materials, more carbon is sequestered and stored, compensating the embodied carbon GWP that a
conventional building system would produce.
5.1.2. Case study 1: Comparative Life Cycle Assessment
The comparative Life Cycle Assessment results were obtained combining the embodied
data (5.1.1. Case study 1: Embodied impacts) with the modelled operational energy data
(Chapter 4). The GWP by life stage and building type is summarized in Table 15.
Table 15 - Global Warming Potential by Life Cycle Stage with same Operational Energy value for
both projects. When the same value for operational energy is adopted, the focus of the analysis
goes then to the embodied related GWP (Product, Construction, Use and End of Life) where the
Mass Timber project has a value 53% smaller than the conventional design from stages A to C and
more than four times smaller from A to D.
Total
Construction
Product

Building
type

Beyond
Use (B2

Operational

End of Life

& B4)

Energy

(C1 to C4)

Process (A4
(A1 to A3)

Building

& A5)

Total

Life
(B6)
(D)

Steel and
1,732,688

98,032

-

13,840,354

96,612

86,800

15,854,486

602,384

221,423

1,830

13,840,354

80,486

-1,397,689

13,348,788

Concrete
Mass
Timber

The Steel and Concrete design has a higher GWP for stages A1 to A3 due to the higher use
of carbon intense materials. For stages A4 and A5, it is assumed that the transportation distances
for wood products from distant and few manufacturing sites would result in higher usage of fuels
and consequently GWP resulting of that. Concrete is considered as local sourced by IE4B given
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that aggregates are normally sorted out in a small distance range meanwhile steel even though
sourced offshore is normalized as local to avoid the uncertainties.
The Steel and Concrete building has a value equal zero for the Use stages (B2 to B4) due
to the life cycle and maintenance ratio assumed by the software. This implies that over the mean
distance assumptions presumed 60-year life span of the building no embodied impacts will be
generated by maintenance, repair, and replacement. The Use Stage for mass timber while mass
timber components are subject to substitution in a higher rate due to the determined useful life of
the product.
Both projects have the same value for stage B6 because the operational energy data is
assumed equal for both without interaction between building materials accounted for with the goal
of estimating the GWP from A to C and A to D, although the accounting for equal variants is not
part of a comparative analysis.
Total Operational Energy stage (B6) is the longest stage in a building life cycle (60-year
life span).The GWP from the operational energy represents 88% of the overall GWP for the
conventional building and 94% for Mass Timber from A to C similar to that observed by (Liang
et al., 2021), 90% for the MT GWP was from B6.
When the same value for operational energy is adopted, the focus of the analysis goes then
to the embodied related GWP (Product, Construction, Use and End of Life) where the Mass Timber
project has a value 53% smaller than the conventional design from stages A to C and more than
four times smaller from A to D.
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5.2. Case study 2: Cornerspring Annex
The Cornerspring Annex building provided the opportunity to conduct a whole building
LCA on a one-story Mass Timber building designed and built to Passiv Haus standards. The
inherent low operational energy goal of this standard can result in lowered global warming
potential. Furthermore, coupling this with presumed lower embodied energy of mass timber
construction provides a case study for establishing lower boundary threshold for construction
impacts. The incorporation of monitoring of electricity usage in construction for which all HVAC
and operating needs are electricity-based provides the opportunity to compare model estimates to
actual usage of operational energy. The methodology for estimating operational energy using
EnergyPlus and conducting a whole building LCA using IE4B.
5.2.1. Case study 2: Cornerspring Annex embodied Global Warming Potential
The Global Warming Potential regarding the materials utilized for construction of
Cornerspring building was obtained through Life Cycle Analysis of Bill of Materials input for a
life span of 60 years. New York City, NY was the closest location available in the IE4B software
and the weather file of choice was Bar Harbor, Maine as closest location available for the energy
simulation analysis.
Table 16 shows that the most significant impacts by process are Manufacturing (A3)
representing 98% of the Production life stage, Transport to building site (A4) meaning 75% of the
Construction Process, Replacing Manufacturing (B2) 95% of Use stage, and De-Construction,
Demolition, Disposal & Waste Processing (C1) of End-of-Life stage. Per stage, the overall
embodied GWP (A to C), the most impactful are Production (A1-A3) with more than 70%,
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Construction Process (A4 & A5) equals 12%, Use (B2 and B4) representing almost 10% and, End
of life (C1 to C4) with almost 5% of the total.
Table 16 – Global Warming Potential of Cornerspring building by process and by life cycle stage.
[kg CO2 eq]
Life Stage

Process

Product

Manufacturing

64,769

(A1 to A3)

Transport

1,423

Construction

Construction-Installation Process

2,730

Transport

8,036

Replacement Manufacturing

8,103

Process
(A4 & A5)
Use
(B2, B4 & B6)

End Of Life
(C1 to C4)
Beyond Building
Life
(D)
Total Effects

GWP/Process

Replacement Transport

439

Operational Energy Use Total

N/A

De-Construction, Demolition, Disposal & Waste
Processing
Transport

3,543

GWP/Stage
66,192

10,766

8,542

4,227

684

Beyond Building Life - Material

(52,802)

Beyond Building Life - Transport

-

(52,802)

A To C

89,726

89,726

A To D

36,924

36,924

5.2.2. Case study 2: Cornerspring Annex Life Cycle Assessment results
The overall Global Warming Potential of Cornerspring, considering embodied and
operational impacts, was obtained from material information (5.2.1. Case study 2: Cornerspring
Annex embodied Global Warming Potential) and each value found for operational energy:
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modelling, monitoring and estimated. The embodied impact values (GWP) are the same for all
stages throughout all projects as the building information didn’t change, meanwhile there are three
values of B6 to represent how the difference in electricity requirement would affect the B6 GWP
and Total GWP.
Table 17 illustrates that as the building energy requirements changes, the ratio of embodied
to operational impact shifts, and for more energy efficient buildings (smaller energy requirements),
more relevant embodied impact contribution becomes to the overall GWP. Therefore, as buildings
consume less energy, the more relevant the material choice is to achieve a reduced global warming
potential. As trends towards electrification and decarbonization of the grid progresses, the
contribution of energy source to a regional energy mix will change (Schwarz et al., 2020).
According to (Tarroja et al., 2018), in pre-determined scenarios based in California that the
increase of greenhouse gases emission for the future load requirement of heating and cooling
affected by climate change is insignificant due to the changes in technology and policy that will
occur by then to accommodate the requirements. Meanwhile, the greenhouse gases emission
reduction promoted by the electrification of buildings could overwhelm the grid that but by then
will rely in more renewable sources than not.
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Table 17 – Comparison of Global Warming Potential of Cornerspring building by stage using
different operational energy data sources: Monitored, modelled, and estimated.
GWP [kg CO2 eq]

Electricity

Product

Construction

Use

[MWh]

(A1 to

Process

(B2 &

Project Name

A3)

Sense

(A4 & A5)

Total

End of

Beyond

Operational

Life

Building

Energy

(C1 to

Life

(B6)

C4)

(D)

Total

B4)

3.0

66,192

10,766

8,542

54,516

4,227

(52,802)

91,440

3.5

66,192

10,766

8,542

63,602

4,227

(52,802)

100,526

4.0

66,192

10,766

8,542

72,688

4,227

(52,802)

109,612

DesignBuilder/
EnergyPlus
Opal

5.3. Sensitivity analysis
5.3.1. Test: Interpolation for location unavailable in software
The location of a building affects the choice and origin of materials, the transportation
distance, the amount and mix of fuel consumed during transportation to the job site. The impact
of building location is therefore observed in the Construction stage in the transport (A4) and
installation (A5) of a whole building life cycle assessment.
To estimate the global warming potential resulting from embodied carbon of a building
located in a city not available in IE4B, a modifying factor for distance affected outputs was
determined. For Case Study 1, Boston, MA was the designed building location while New York
City, NY was the closest location available in the IE4B. The distances between the actual building
location, the available location and the manufacturing sites were estimated using Google Earth
(version 7.3) and Google Maps applications (version 10.65.2) (Figure 19).
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1295 km

1122 km

346
km

Figure 19 - Distances from manufacturing site to building site. (Chibougamau to New York City)
(1295 km), Chibougamau to Boston (1122 km), and New York City to Boston (346 km). The
distance is here illustrated using Google Earth, but the actual road travel distance was measured
using Google maps.
Then, a ratio between the location available and the desired location was found by dividing
the smaller distance from manufacturing site (Chibougamau, Canada) to building site by the
greater one resulting in a factor of 0.86 (1122 km/1295 km).
The main materials relevant for this analysis were Steel, Concrete, and CLT. For material
with complex traceability, as for example steel, because of its dependency on offshore
components, the software normalizes the weighted average of life cycle inventory, distance, and
modal transportation accounting for it as a nationally sourced material. While concrete and
aggregates are normally locally sourced in a small distance range is computed as locally obtained.
For Athena IE4B, given the Canadian origin of the software, the available data for CLT is based
in the Nordic EPD (Stek et al., 2011) (Nordic, 2018) and therefore, considering the production site
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in Chibougamau for distance and transportation-related impacts. The distance between
Chibougamau and NYC was then related to the distance between Chibougamau and Boston to find
a factor to modify the total GWP of the stages A4 and A5 resulting in an overall reduction factor
of 0.86 and consequently a reduction of 14% on stages A4 and A5 and 5% from A to C for a 100
m3 of CLT and 1% reduction on the overall bill of materials impacts from A to C and A to D. This
modification was not applied to the case study 1 results, it was only for sensitivity analysis purpose.
Table 18 - Global Warming Potential of 100 m3 of material for different locations to estimate
impact of distance and transportation at the Production life stage.

GWP by stage [kg of CO2 eq]

Building

Material

Volume
[m3]

CONSTRUCTION PROCESS (A4
& A5)
Location
ConstructionInstallation
Process

Transport

Total

A-C

A-D

Example

CLT

100

NYC

347

5,419

5,766

14,510

-24,253

Example
Case
study 1
Case
study 1

CLT
Mass
Timber
Mass
Timber

100

Boston

347

4,660

5,007

13,751

-25,012

BOM

NYC

18,403

203,021

221,423

7,538,886

6,141,198

BOM

Boston

18,403

174,598

193,001

7,510,463

6,112,775

5.3.2 Climate impacts on building GWP
The climate change effects caused by the atmosphere average temperature increase due to
the carbon emissions will affect precipitation, average day and night temperatures, sun gains
(smog), will affect the precipitation regimen, the amount of colder and warmer days. A study
conducted in the United Arab Emirates shows that a rise in the exterior air temperature can lead to
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an increase in the electricity requirement and consumption, therefore in an increased CO2 emission
level (Radhi, 2009).
The location being analyzed is Boston, MA. The climate in the region is defined as by the
Koppen classification Dfa, meaning “Hot summer continental climate” wet. The Boston Research
Advisory Group (BRAG) in Climate Projection Consensus projects an increase in the future in the
average summer temperature in the area (heating degree days - HDD), increase in the evaporation
rate and sea level rise leading increased extreme precipitation, including heavier snowfall divided
in reduced cold days (cooling degree days - CDD).
To simulate the effects of climate change projections in regional climate it is possible to
utilize complex software or as seen in (Gaterell & McEvoy, 2005), defining future climate
scenarios and matching with current climate profiles from different existing cities. It is important
to notice that different locations can be subjected to different energy mixes.
Therefore, three different scenarios were defined to be simulated on Energy Plus, those
being: 1) Current Boston climate, assuming no improvement or worsening than the current
situation – or – business as usual, 2) “Worst case” scenario that would require more heating energy
(North U.S.), and, 3) “Best case” scenario, that would require reduced energy load for heating and
user comfort, therefore a warmer location (NYC or another East U.S location).
The trend observed can help lead innovation in energy mixes, mechanical systems, and
design choices such as passive design when possible. As buildings go to more carbon neutral
electricity sources (nuclear, wind and solar), the GWP of operational energy will be reduced.
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Therefore, taking the current climate in Boston as a baseline, two new locations were chosen based
in their current weather profiles: Cases will be evaluated with the respective weather files: New
York City, Baltimore, and Boston.
Due to the lack of a building prototype with comparable area available on EnergyPlus the
same analysis described in the methodology previously described, was utilized for the following
results. Two building prototypes (High rise and Mid-rise, 7836 m2 and 3134 m2 of area,
respectively) for the three above mentioned locations and respective weather files were utilized to
estimate embodied and operational energy data (Table 19) and then graphed to obtain the slope
that would allow the extrapolation to the desired building area (10220 m2) (Equations 3 –
Baltimore, Equation 4 – Boston, and Equation 5 - Manhattan) (Table 20).
Slope equations:
y = 2105.6x + 663135

(3)

y = 1867.1x + 4,000,000

(4)

y = 1883.9x + 2,000,000

(5)
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Table 19 – Global Warming Potential of two different building prototypes, building areas, weather profiles and energy requirements to
obtain distribution and slope for adjustment of desired building area.

Prototype

Product
(A1 to A3)

Construction
Process
(A4 & A5)

Use
(B2 &
B4)

Total
Operational
Energy
(B6)

End of
Life
(C1 to
C4)

Beyond
Building
Life
(D)

Total

Steel and
Concrete

High rise

1,732,688

98,032

-

17,162,323

96,612

86,800

19,176,454

Baltimore

Mass Timber

High rise

602,384

221,423

1,830

17,162,323

80,486

(1,397,689)

16,670,758

7,836

Boston

Steel and
Concrete

High rise

1,732,688

98,032

-

18,232,064

96,612

86,800

20,246,195

639,492

7,836

Boston

Mass Timber

High rise

602,384

221,423

1,830

18,232,064

80,486

(1,397,689)

17,740,498

32,438

675,928

7,836

Manhattan

Steel and
Concrete

High rise

1,732,688

98,032

-

16,956,796

96,612

86,800

18,970,927

32,438

675,928

7,836

Manhattan

Mass Timber

High rise

602,384

221,423

1,830

16,956,796

80,486

(1,397,689)

16,465,230

6,834

345,439

3,134

Baltimore

Steel and
Concrete

Mid rise

1,732,688

98,032

-

7,261,986

96,612

86,800

9,276,117

6,834

345,439

3,134

Baltimore

Mass Timber

Mid rise

602,384

221,423

1,830

7,261,986

80,486

(1,397,689)

6,770,420

19,455

365,936

3,134

Boston

Steel and
Concrete

Mid rise

1,732,688

98,032

-

9,452,966

96,612

86,800

11,467,098

19,455

365,936

3,134

Boston

Mass Timber

Mid rise

602,384

221,423

1,830

9,452,966

80,486

(1,397,689)

8,961,401

6,952

390,542

3,134

Manhattan

Steel and
Concrete

Mid rise

1,732,688

98,032

-

8,098,598

96,612

86,800

10,112,729

6,952

390,542

3,134

Manhattan

Mass Timber

Mid rise

602,384

221,423

1,830

8,098,598

80,486

(1,397,689)

7,607,032

Total

14,010,429

1,916,732

10,979

154,329,466

1,062,585

(7,865,331)

163,464,859

Natural
Gas
[m3]

Electricity
[kWh]

Area
[m2]

Weather
file

Material

32,873

683,789

7,836

Baltimore

32,873

683,789

7,836

45,884

639,492

45,884
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Table 20 – Global Warming Potential from A to C and A to D. Considering B6 stage data
extrapolated from the slope of the distribution of known buildings area to accommodate
unavailable area by building prototypes software.
Location
Baltimore
Baltimore
Boston
Boston
Manhattan
Manhattan

Project
Mass Timber
Steel and Concrete
Mass Timber
Steel and Concrete
Mass Timber
Steel and Concrete

GWP B6 [kg CO2 eq]
22,182,367
22,182,368
23,081,762
23,081,763
21,253,458
21,253,458

A-C
23,088,490
24,109,699
23,987,885
25,009,094
22,159,581
23,180,789

A-D
21,690,801
24,196,499
22,590,196
25,095,894
20,761,892
23,267,589

Considering Boston as the baseline and New York City and Baltimore as possible future
scenarios where the heating requirement would decrease in function of the increase of the average
atmospheric temperature, the results reflect a smaller Global Warming Potential as a resulting
impact of the decrease of energy requirement. It is important to state that climate change will affect
buildings and energy requirement in still unpredicted ways that theoretical analysis may not be
able to predict yet. Although a smaller energy requirement and reduced impact (GWP) can seem
beneficial from a cost and point of view an increase in the average atmospheric temperature can
result in biodiversity loss, threatens food security, human health indicators, increase extreme
weather events such as storms and droughts and worsen environmental injustice situations (IPCC,
2021), (Shultz et al., 2020), (Ramon & Allacker, 2019).
5.4 Discussion
Previous studies based on constructed buildings and metric data have found potential
energy efficiency and savings in mass timber and CLT buildings. It was observed with the
influence of location and consequently climate, building scale, material, use type, and chosen
methodology. Comparing different building systems in different climates (Khavari et al., 2016)
found that CLT buildings can be more efficient in locations with higher heating requirements due
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to thermal mass properties. For example, (Guo, Liu, Chang, et al., 2017) found energy savings in
CLT for severe cold regions in China and (Setter et al., 2019) found savings for heating in colder
regions like Minnesota and 17% savings in cooling for warmer location in Arizona (U.S). (Tettey
et al., 2019) found thermal mass effect small during days and seasons have greater influence in the
long term when comparing reinforced concrete with modular wood construction and CLT
construction.
The higher energy efficiency levels reached, more important the embodied impact in the
embodied/operational ratio becomes. Therefore, the relevance of opting for less carbon intense
materials.
Policy-driven innovation in the energy mix, material choice and substitution, mechanical
system performance, and emission thresholds can lead the results found here to greater scales and
spheres such as corporate, industrial, and residential.
Even though sector wide shifts are dependent on multiple stakeholders and policies that
can take time other actions can be taken promptly due to the ready and available technology now,
when retrofit is not the first option (Worrell & Boyd, 2022).
Overall efficient and sustainable performance of engineered wood product buildings and
Mass Timber buildings can only be achieved through responsible management, sustainable
forestry and silviculture practices that promote the optimal usage of forest resources and avoids
the decomposition of trees in the forest that would result in CO2 emission, offsetting the benefit
of the sequestering and storing of carbon of newer and healthy trees (Griffiths et al., 2021),
(Błońska et al., 2019), (Seibold et al., 2021), (Law Beverly E. et al., 2018).
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CHAPTER 6 – CONCLUSION
The presented research found that Mass Timber buildings generate less overall Global
Warming Potential in both A to C and A to D life cycle stages than the functionally equivalent
Steel and Concrete building design when considering embodied impacts (B6 stage excluded) and
embodied and operational impacts (B6 stage included).
The three different sources of operational energy for case study 2: monitored, simulated,
and estimated have comparable results. It indicates that the airtightness of the building is
accordingly to efficiency standards and that the adopted modelling methods are aligned. It is
recommended that the energy tracker monitoring data is continued throughout the whole year to
compare with model predictions in order to understand the annual energy requirement of the
building.
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APPENDIX
Table 21 - Bill of materials for the Concrete building design.
Structure

Name

Description

Value

Unit

Beams and columns

Concrete, 5000 psi

16"x16" Reinforced Concrete, Cast-in-Place

92.89

m³

Beams and columns

Rebar Bar: #3

Steel, Carbon

23,300.56 m

Beams and columns

Rebar Bar: #10

Steel, Carbon

7,210.77

m

Exterior wall

Aluminum

3-5/8" Metal Stud, @ 24" O.C.

0.27

m³

Exterior wall

GYP, 5/8"

5/8" Gypsum Wall Board

25.97

m³

Exterior wall

Fiberglass batt, 3-5/8"

Insulation

150.80

m³

Exterior wall

Extruded Polystyrene, 1.5"

Polystyrene Insulated Sheathing

61.46

m³

Floor

Concrete, 5000 psi

8" Floor: FLR 02A - 8" Slab

7.51

m³

Floor

Concrete, 4000 psi

8" Floor: FLR 02A - Ground Floor

369.96

m³

Floor

Concrete, 5000 psi

8" Floor: FLR 02A - Typical Floor - 8" PT Slab

1,675.56

m³
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Table 21 – Continued.
Floor
Polyethylene film membrane

Floor: FLR 02 - Ground Floor, vapor retarder

11.56

m³

Floor

Rebar Bar: #5

Steel, Carbon

20,502.40 m

Floor

Rebar Bar: #4

Steel, Carbon

5,397.34

m

Foundation

Concrete, 4000 psi

12" Basic Wall: EXT 01 - Concrete Foundation Wall

30.60

m³

Foundation

Concrete, 4000 psi

3'-3'' Foundation Slab: F4 - 3'3'' Foundation Matt Footing

375.48

m³

Foundation

Concrete, 3000 psi

Concrete, Cast-in-Place, Spread Footing

268.33

m³

Foundation

Rebar Bar: #5

Steel, Carbon

3,637.40

m

Foundation

Rebar Bar: #7

Steel, Carbon

1,987.90

m

Foundation

Rebar Bar: #9

Steel, Carbon

1,714.70

m

Roof

Concrete, 5000 psi

8" Floor: FLR 02A - 8" Slab

1.07

m³

Roof

Concrete, 5000 psi

8" Floor: FLR 02A - Typical Floor - 8" PT Slab

239.37

m³

Roof

Rebar Bar: #5

Steel, Carbon

2,928.91

m

Wall

GYP, 5/8"

5/8" Gypsum Wall Board

300.37

m³
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Table 21 – Continued.
Wall
GYP, 5/8", Greenboard

5/8" Gypsum Wall Board, Greenboard Facing

79.73

m³

Wall

Fiberglass Batt Insulation

Basic Wall: Fiberglass Batt Insulation 3-5/8"

323.30

m³

Wall

Concrete: 5000 psi

Basic Wall: INT 01A - Shaft Wall - 12"

516.29

m³

Wall

25ga steel (.0005m)

Rectangular Mullion: 3-5/8" C Stud

2.09

m³

Wall

Rebar Bar: #5

Steel, Carbon

47,189.90 m
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Table 22 - Bill of materials for the Timber building design.
Structure

Material

Description

Value

Unit

Beams and columns

Glulam

Nordic Glulam

757.75

m³

Exterior wall

CLT, 3-ply, 4-1/8"

CLT Panel Connection

171.65

m³

Exterior wall

GYP, 5/8"

5/8" Gypsum Wall Board

25.97

m³

Exterior wall

Mineral wool, 5"

Mineral Wool Insulation

208.08

m³

Floor

Acoustic Mat

Floor: FLR 01 - Typical Floor - Gypcrete over CLT

68.58

m³

Floor

CLT, 5-ply, Nordic-lam

Cross Laminated Timber, 5-ply/ Floor Assembly

1,257.40 m³

Floor

Concrete, 5000 psi

Floor: FLR 03 - Concrete Slab + VB; slab on grade

371.79

m³

Floor

Gyp-Crete

2" Topping Slab, Gyp-Crete Topping over CLT Floor

365.79

m³

Floor

Polyethylene film membrane

Floor: FLR 02 - Ground Floor, vapor retarder

11.62

m³

Floor

Rebar Bar: #4

Steel, Carbon

5,410.63 m

Foundation

Concrete, 3000 psi

Concrete, Cast-in-Place, Spread Footing

116.42

m³

Foundation

Concrete, 4000 psi

Basic Wall: EXT 01 - Foundation Wall

34.88

m³

Foundation

Concrete, 4000 psi

Foundation Slab: 2'-6" Foundation Mat Footing

215.78

m³

84

Table 22 – Continued.
Foundation
Rebar Bar: #5

Steel, Carbon

4,423.72 m

Foundation

Rebar Bar: #7

Steel, Carbon

863.20

m

Foundation

Rebar Bar: #9

Steel, Carbon

596.01

m

Roof

Acoustic Mat

Floor: FLR 01 - Typical Floor - Gypcrete over CLT

9.80

m³

Roof

CLT, 5-ply, Nordic-lam

Cross Laminated Timber, 5-ply/ Floor Assembly

179.63

m³

Roof

Gyp-Crete

2" Topping Slab, Gyp-Crete Topping over CLT Floor

52.26

m³

Wall

25ga steel (.0005m)

Rectangular Mullion: 3-5/8" C Stud

1.04

m³

Wall

CLT, 3ply, Nordic-lam

Cross Laminated Timber, 3-ply/ Interior Wall Assembly

717.07

m³

Wall

CLT, 7ply, Nordic-lam

Cross Laminated Timber, 7-ply/ Shaft Wall Assembly

435.01

m³

Wall

Fiberglass Batt Insulation

Basic Wall: Fiberglass Batt Insulation 3-5/8"

25.81

m³

Wall

GYP, 5/8"

5/8" Gypsum Wall Board

41.34

m³

Wall

GYP, 5/8", Greenboard

5/8" Gypsum Wall Board, Greenboard Facing

62.33

m³

Wall

GYP, Type X, 5/8"

Gypsum Wall Board, Type-X / Shaft Wall Assembly

112.99

m³

Wall

Mineral Wool

Mineral Wool Insulation

235.25

m³
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